A series of mutations in open reading frames (ORFs) E6 and E7 of bovine papillomavirus type 1 (BPV1) was constructed to analyze the roles of these ORFs in transformation of mouse C127 cells. The mutations were designed to prevent synthesis of specific proteins encoded by these genes. None of the mutations caused a decrease in the focus-forming activity of the full-length viral genome or in the ability of the viral DNA to replicate as a high-copy-number plasmid. Analysis of these mutants in the absence of a functional BPV1 ES gene revealed a weak focus-forming activity encoded by ORF E6. Mutations preventing synthesis of the E6 protein did cause defects in anchorage-independent growth and tumorigenicity of transfected and transformed cells. However, a frameshift mutation between the first and second ATG codons of ORF E6 did not inhibit induction of colony formation, suggesting that translation from the first methionine codon is not required. Mutations that inactivated ORF E7 or E6/E7 individually did not inhibit induction of colony formation in agarose. However, a defect in this activity was caused by simultineous disruption of both ORF E7 and ORF E6/E7 when they were expressed from the full-length viral genome but not when they were expressed under the control of a retrovirus long terminal repeat. These results suggest that translation of both ORF E6 and the 3' end of ORF E7 is required for efficient induction of anchorage-independent growth by the intact BPV1 genome.
Bovine papillomavirus type 1 (BPV1) is a small, doublestranded DNA tumor virus that causes proliferation of both fibroblasts and epithelial cells during the formation of fibropapillomas in its natural host (18) . This virus also efficiently induces transformation of rodent cells in culture. The 7, base-pair (bp) viral genome contains a number of overlapping translational open reading frames (ORFs) which encode viral proteins (2, 8, 14, 32) . A segment which comprises 69% of the genome contains ORFs El through E8 and is sufficient to induce transformation of the established line of mouse C127 cells (20) . Extensive genetic analysis of this segment of the genome has identified independent transforming genes in the 5' and 3' portions of this region. The major transforming gene in the 3' portion is ORF E5, which encodes a 44-aminoacid protein required for efficient focus formation on mouse C127 cells (7, 10, 11, 27, 31, 36) . ORF E6 has been identified as a transforming gene in the 5' portion of the early region (30, 35) . Expression of ORF E6 from a strong promoter can induce C127 cell focus formation and anchorage-independent growth, and mutations within this gene have been reported to reduce the transforming activity of BPV1 (21, 29, 30, 35) . ORF E7 partially overlaps with ORF E6, but its role in transformation by BPV1 is unclear. Some mutations located in ORF E7 have been reported to decrease focus formation, evidently as an indirect consequence of decreased replication of the viral genome, whereas other laboratories find that ORF E7 mutations are silent (4, 5, 21, 26) . In human papillomavirus type 16 , ORF E7 expresses an activity that induces focus formation in established cell lines and cooperates with an activated ras gene to transform primary cells (15, 25) .
The region of the genome containing the E6 and E7 ORFs is complex and could potentially encode a number of dif-pML2d at the unique BamHI site (28) . Plasmid DNA was isolated from individual bacterial transformants and sequenced to confirm the presence of the mutations.
Plasmid pE6fsl was constructed from pXH731, which consists of pBPV-142-6 with an 8-bp XhoI linker substituted for the 8 bp from nt 100 to 107 in the E6 ORF (30; D. Lowy, personal communication) . This plasmid was cut with XhoI, incubated with the large fragment of DNA polymerase I and all four deoxyribonucleoside triphosphates, and ligated to generate a +4 out-of-frame insertion in ORF E6. Plasmid pE6fs2 was generated by partial digestion of pBPV-142-6 with RsaI in the presence of 30 ,ug of ethidium bromide per ml and insertion of an 8-bp XhoI linker at nt 240, creating an out-of-frame insertion in ORF E6. Plasmid pE67SA/XhoI was created by partial digestion of pE67SA with PvuII, which cuts at the mutated site in this plasmid, and insertion of an 8-bp XhoI linker at nt 527.
Plasmids with a frameshift mutation in ORF E5 were constructed by substituting the small KpnI-to-SaII fragment of pESXL-2 for the analogous fragments of pE6fsl, pE6fs2, pE6ocl, pE7ocl, pE7oc2, and pE67SA. The fragment from pESXL-2 contains an 8-bp XhoI linker inserted at the BstXI site in ORF E5 (10) . To construct the long terminal repeat (LTR)-containing plasmids, pBPV-142-6, pE6fsl, pE6fs2, pE6ocl, pE7ocl, or pE7oc2 was digested with SmaI, ligated to 8-bp XhoI linkers, and then cut with HpaI. The small fragment was used to replace the analogous fragment in pXH800 (30) , placing the E6 and E7 ORFs in the transcriptional orientation 3' to the Moloney murine sarcoma virus LTR promoter.
C127 cell transformation. Transfections and focus-forming assays were performed as described previously (10 RESULTS To determine the roles of the E6 and E7 ORFs of BPV1 in transformation of mouse C127 cells, we constructed mutations designed to prevent the synthesis of each of the putative protein products from this region. The locations of these mutations are diagrammed in Fig. 1 , and the specific mutations and their predicted genetic consequences are listed in Table 1 . Plasmid pE6fsl contains a frameshift mutation in ORF E6 at nt 100, immediately 3' to the first in-frame ATG codon in this ORF. This mutation is predicted to prevent translation of all E6, E6/E7, and E6/E4 proteins that use this ATG as the translation initiation codon. Plasmid pE6fs2 contains a frameshift mutation in ORF E6 at nt 240. This mutation is located 3' to the second ATG codon in ORF E6 and is predicted to prevent synthesis of all E6, E6/E7, and E6/E4 proteins regardless of which ATG codon is used. Loss of ORF E6/E4 proteins is unlikely to affect transformation, because premature stop codons in ORF E4 (e.g., E4aml in Fig. 1 ) are phenotypically silent in C127 cells (13, 24 made by inserting a linker at the new PvuII site in pE67SA, creating a frameshift in the E7 ORF. Plasmid pE7ocl/E67SA is a double mutant that contains both the premature stop codon of pE7ocl and the splice acceptor mutation of pE67SA. pE7oc2 contains a premature stop codon at nt 543, 3' to the splice acceptor site in ORF E7. These three mutants are predicted to be unable to express the carboxyl-terminal portion of both the intact E7 protein and the major E6/E7 fusion protein. Each of the mutations listed in Table 1 was cloned into the full-length BPV1 genome and assayed for its effects.
Viral DNA and RNA. All of these mutants efficiently induced foci in mouse C127 cells (see below); therefore, we were able to isolate permanent cell lines transformed by each mutant and to examine the state of the viral DNA and RNA in these cells. Individual foci were expanded into cell lines, and total DNA was extracted, transferred to nitrocellulose, and probed with 32P-labeled BPV1 DNA. Figure 2 shows undigested DNA from cell lines transformed by BPV-142-6, E6ocl, or E7oc2. Each cell line contains primarily extra- (4, 5, 21) . We examined the viral DNA copy number of one of their low-copy-number mutants, d1576, which contains a 4-bp deletion at nt 576 in ORF E7. A stable transformed cell line established from a pool of foci induced by d1576 contained wild-type levels of monomeric extrachromosomal BPV1 DNA (data not shown). Therefore, we did not observe abnormal replication by a mutant reported to display a low-copy-number phenotype by those investigators.
BPV1-specific RNA was examined in cell lines established from pools of foci induced by BPV-142-6, E6ocl, E7oc2, or E67SA. There were no apparent differences in the sizes or amounts of BPV1 mRNAs on Northern (RNA) blots probed with a 32P-labeled antisense RNA probe (BPV1 nt 3455 to nt 4450) predicted to hybridize to all BPV1 early mRNAs (data not shown). To examine in more detail the mRNAs from the E6 and E7 ORFs, primer extension analysis was performed on the poly(A)+ RNA from these cell lines with a primer (nt 575 to nt 544) which hybridizes to both the unspliced and major spliced mRNAs from this region. Lane 1 of Fig. 3 shows the wild-type pattern; the 487-nt band corresponds to the unspliced mRNA with a 5' end at nt 89, and the 264-nt band corresponds to the major spliced E6/E7 mRNA. Cells transformed by E6ocl and E7oc2 contained the same transcripts in about the same relative proportions (lanes 2 and 3) . As predicted, the spliced E6/E7 mRNA was not detectable in cells transformed by the E67SA mutant, which does not have the AG consensus splice acceptor site at nt 527, whereas the unspliced mRNA was present in amounts comparable to that seen in wild-type-transformed cells (lane 4). Moreover, no prominent novel RNA species were present in cells transformed by these mutants, suggesting that the mutations did not exert major unanticipated effects on RNA metabolism. However, we did not rule out that the mutations have subtle effects on the amounts or structure of BPV1 RNA.
Expression of genes linked to the long control region of BPV1 is transactivated by expression of an intact ORF E2 (33) . The E6 and E7 mutant plasmids transactivated the BPV1 enhancer as efficiently as did wild-type DNA, indicating that these ORFs are not required for this activity and that these mutations do not affect the expression of ORF E2 (data not shown). To determine whether the E6 or E7 ORF encodes a transforming activity that is masked by the presence of the E5 transforming gene, we constructed a number of double mutants, each of which combined an ORF E6 or E7 mutation with a frameshift mutation in the coding portion of ORF E5. To clearly visualize foci induced by ORF E5 mutants, we found it necessary to cotransfect each mutant with a plasmid containing a neomycin resistance gene and to select G418-resistant cells. Table 2 , column 2, shows the number of morphologically transformed colonies induced in this assay, expressed as the percentage of transformed colonies induced by wild-type DNA. The E5 mutant, E5XL-2, induced morphologic transformation in about one-third as many neomycin-resistant colonies as did the wild type. No transformed colonies were induced by the three mutants with mutations in both E6 and E5, i.e., E6ocl/E5, E6fsl/E5, and E6fs2/E5. Therefore, the E6 ORF appears to encode a weak focusforming activity that is detectable in the absence of ORF E5. Plasmids with the ORF E5 mutation plus a mutation in either ORF E7 or E6/E7 produced the same number of transformed colonies as did the E5 mutant. On the other hand, E7oc2/E5, which is predicted to be defective for synthesis of the E7, E6/E7, and E5 proteins, produced about 20% of the number of transformed colonies that pE5XL-2 did. Therefore, while mutations in the E7 and E6/E7 genes separately had no effect, a mutation that disrupts both genes caused a moderate focus-forming defect in this assay. This result suggests that in the context of the full-length genome, the 3' end of ORF E7 plays some role in focus formation.
To examine the transforming activity of the E6 and E7 ORFs in the absence of all other BPV1 genes, we used plasmid pHX800, which contains a strong promoter (the Moloney murine sarcoma virus LTR), the E6 and E7 ORFs (nt 1 to nt 945) and no other intact BPV1 ORFs, and a segment of BPV1 DNA that contains the early polyadenylation signal (30 Growth in agarose. The ability of cells harboring the full-length viral genomes to form colonies in agarose was determined by using two different assays. In assay i, C127 cells were transfected with each mutant, and after 4 weeks pools of transformed foci were used to establish cell lines which were subsequently plated into 0.3% agarose and scored for colony formation. In assay ii, C127 cells were transfected with each mutant, but after 3 days they were plated directly into agarose. We refer to assay i as the established assay and assay ii as the acute assay; they were designed to determine whether prior selection for focus formation affected the requirements for anchorage-independent growth. In each experiment, the colony-forming ability of cells harboring wild-type DNA was determined in parallel.
In the acute assay, two mutants with mutations in ORF E6, E6ocl, and E6fs2 produced only about 15% of the number of colonies produced by wild-type DNA, suggesting that an intact ORF E6 is required for efficient colony formation (Table 3 a Transfected C127 cells were assayed for colony formation in agarose. The results were normalized for transfection efficiency. Each plasmid was tested at least three times, except for the plasmids used in the mapping experiments, which were tested once (E7oc2-MR1) or twice (E6ocl-MR1 and E6ocl-MR2).
b Established cell lines were assayed for colony formation in agarose. The averaged results of at least three separate experiments are presented as a percentage of the number of colonies formed by cells transformed by the wild type. N.D., Not done.
premature stop codon at nt 315 in pE6ocl caused the defect in anchorage-independent growth (Table 3) . These results indicate that translation of ORF E6 is required for efficient colony formation.
E7ocl and E67SA were not defective for induction of anchorage-independent growth (Table 3 ). The colonies formed by the cells transfected or transformed with E67SA were actually larger than those formed by wild-type DNA and more numerous. Therefore, individually the E7 and the major E6/E7 proteins were not required for colony formation. However, mutants E67SAIXho, E7oc2, and E7ocl/ E67SA each induced less than 20% of the number of colonies induced by wild-type DNA (Table 3) . Therefore, all of the mutations predicted to disrupt both ORF E7 and ORF E6/E7 simultaneously and thus prevent translation of the 3' end of the E7 ORF resulted in a defect in inducing anchorageindependent growth. A genetic mapping experiment suggested that the stop codon in E7oc2 was responsible for the defect in colony formation. We replaced the mutant BsmIto-DraIII fragment (nt 520 to nt 825) of pE7oc2 with the analogous wild-type DNA fragment. The resulting plasmid, pE7oc2MR-1, induced colonies as well as did the wild type, indicating that the mutation in pE7oc2 causing the loss of colony-forming ability was confined to ORF E7 (nt 449 to nt 856). Therefore, efficient anchorage-independent growth induced by the full-length genome requires both an intact E6 ORF and translation of the 3' end of the E7 ORF.
We also determined the colony-forming ability of cells transformed by the LTR plasmids. Cell lines established from individual foci induced by LTR WT (wild type; containing intact E6 and E7 ORFs) or LTR E7oc2 (containing a mutation in the 3' end of ORF E7) efficiently induced colony formation (data not shown). Therefore, under the control of the LTR, expression of the E6 ORF by itself is sufficient to induce anchorage-independent growth.
Tumorigenicity. Cell lines established from pools of foci induced by representative mutants were injected into nude mice ( Table 4) formed by E6ocl formed markedly smaller tumors that were visible only after 5 to 6 weeks, indicating that this mutant was partially defective for tumor induction. Cells transformed by E67SA induced tumors that were easily visible at 2 weeks after injection and were considerably larger than tumors induced by wild-type-transformed cells. Thus, the major E6/E7 protein was not required for efficient tumorigenicity. The tumorigenicity of cells transformed by E7oc2 was determined for two independent pooled cell lines and three cell lines established from independent individual foci. The tumorigenicity of these cells varied from cell line to cell line and during passage, but about 50% of the cell lines tested were able to induce tumors. Thus, ORF E6 appears to be required for efficient tumorigenicity, and the 3' end of the E7 ORF may also play a role in this activity.
DISCUSSION
We have assigned transforming functions to BPV1 ORFs E6 and E7 by determining the effects of mutations in these genes on transformation of mouse C127 cells (summarized in Table 5 ). We did not detect unanticipated changes in viral RNA synthesis in transformed cells, and replication, trans- Unlike the other E6 mutations, E6fsl did not significantly inhibit colony formation in agarose. This frameshift mutation is located 3' to the first potential initiation codon in ORF E6, suggesting that translation from this codon is not required for colony formation. This ATG is only 2 bases from the major rnRNA cap site at nucleotide 89 (1, 3) . In other systems in which an ATG is less than 10 bases from the 5' end of the mRNA, translation can initiate at both the first and second ATG codons (16) . Since the E6fsl mutation does inhibit the weak focus-forming activity of ORF E6, it is possible that the full-length E6 protein is required for focus formation but that the internally initiated one suffices for colony formation.
Although other workers have reported that some ORF E6 and E7 mutations cause substantial defects in the focusforming activity of the full-length viral DNA, most of the previously reported mutations in this region affected more than one ORF (4, 5, 21, 29) . We detected a decrease in focus formation only when the E6 mutants were assayed in the absence of an intact E5 ORF. It is possible that under certain assay conditions, more E6 protein or less E5 protein is expressed and that this results in more readily detectable E6 focus-forming activity. In agreement with the results of Rabson et al. (26) , who found that mutations in ORF E7 in the full-length genome had no effect on the efficiency of focus formation or plasmid copy number, the mutations described here did not result in reduced viral DNA copy number. Some ORF E6 and E7 mutants, including d1576, have been reported to display the low-copy-number phenotype (4, Our results emphasize several aspects of cell transformation by BPV1. (i) Multiple viral genes are required for full transformation of the immortalized C127 cell line. (ii) Different viral transforming genes have relatively specialized activities. In our assays, ORF E5 seemed to be the primary viral gene involved in focus formation, whereas ORF E6 and the 3' end of ORF E7 were involved primarily in inducing anchorage independence. (iii) BPV1 is genetically redundant in that there appear to be alternative mechanisms for expressing the transforming activity of the 3' end of ORF E7. (iv) The genetic context in which BPV1 transforming genes are expressed can markedly influence their activity. For example, in our assays the focus-forming activity of ORF E6 was apparent only in the absence of the E5 ORF, and the requirement for the 3' end of ORF E7 for colony formation was not evident in the LTR constructs. (v) Undefined assay differences among different laboratories can affect the apparent properties of the same mutant (e.g., d1576). These complexities indicate that additional genetic and biochemical analysis of the BPV1 transforming proteins is required to further our understanding of cell transformation by this virus.
